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Three different types of autophagy—macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA)—
contribute to degradation of intracellular components in lysosomes in mammalian cells. Although some level of basal
macroautophagy and CMA activities has been described in different cell types and tissues, these two pathways are
maximally activated under stress conditions. Activation of these two pathways is often sequential, suggesting the
existence of some level of cross-talk between both stress-related autophagic pathways. In this work, we analyze the
consequences of blockage of macroautophagy on CMA activity. Using mouse embryonic fibroblasts deficient in Atg5, an
autophagy-related protein required for autophagosome formation, we have found that blockage of macroautophagy leads
to up-regulation of CMA, even under basal conditions. Interestingly, different mechanisms contribute to the observed
changes in CMA-related proteins and the consequent activation of CMA during basal and stress conditions in these
macroautophagy-deficient cells. This work supports a direct cross-talk between these two forms of autophagy, and it
identifies changes in the lysosomal compartment that underlie the basis for the communication between both autophagic

pathways.

INTRODUCTION

Autophagy is a catabolic process by which intracellular com-
ponents are delivered to lysosomes for degradation by their
resident hydrolases. Three different types of autophagy have
been described in mammalian cells depending on the mech-
anisms used for the delivery of cargo to lysosomes: macro-
autophagy, microautophagy, and chaperone-mediated auto-
phagy (CMA) (Cuervo, 2004; Mizushima, 2005; Yorimitsu
and Klionsky, 2005; Dice, 2007). In microautophagy, the
lysosomal membrane invaginates or tubulates to engulf
whole regions of the cytosol, but its components and regu-
lation are poorly understood in mammals (Marzella et al.,
1981; Mortimore ef al., 1988).

Substrates for macroautophagy are complete areas of the
cytosol sequestered by a limiting membrane that seals to
form a double membrane vesicle or autophagosome (Mi-
zushima et al., 2002; Ohsumi and Mizushima, 2004). The
trapped cargo is degraded after the autophagosome fuses
with lysosomes, which provide the degradative enzymes. A
complex set of genes, known as ATG or autophagy-related
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genes participate in different steps of macroautophagy
(Klionsky et al., 2003). Formation of autophagic vacuoles is
mediated by two different conjugation events, a protein-to-
protein (to form the Atg5-12-16 complex) and a protein-to-
lipid conjugation (to form the Atg8 [LC3 in mammals]-
phosphatidyl ethanolamine complex) (Ohsumi and Mizushima,
2004). A kinase nucleation complex, which includes vps34, a
class III phosphoinositide 3-kinase (PI3K), and beclin-1 (Li-
ang ef al., 1999), also contributes to autophagosome forma-
tion. Induction of autophagy is negatively regulated by a
second kinase complex, with mammalian target of rapamy-
cin (mTOR) as its main component (Blommaart et al., 1995).
Inhibitors of mTOR, such as rapamycin, are widely used as
macroautophagy activators. Both the conjugation cascades
and the class III PI3K complex are essential for autophagy,
because formation of autophagosomes can be blocked with
class III PI3K inhibitors (i.e., 3-methyladenine) (Seglen and
Gordon, 1982) or by knocking down Atg5, -7, or -12 (the
Atgs involved in conjugation) (Komatsu et al., 2005; Hara et
al., 2006; Komatsu et al., 2006). In fact, Atg5 or Atg7 null mice
die a few hours after birth because of the essential role of
macroautophagy, at least partially, as a source of nutrients
until the beginning of the lactation period (Kuma et al.,
2004). Mice conditionally knocked-out in brain, liver, or
heart for any of these two proteins have revealed the in-
volvement of macroautophagy in normal cellular homeosta-
sis and in the clearance of altered proteins, which accumu-
lated in the targeted tissues in these animals (Komatsu et al.,
2005, 2006; Hara et al., 2006; Nakai et al., 2007). Although
macroautophagy was mainly considered a stress-induced
form of autophagy, the studies in these conditionally
knocked-out mice strikingly show that constitutive turnover
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of cytosolic contents by macroautophagy is indispensable
for many organs.

In CMA, selective cytosolic proteins are recognized by a
chaperone/cochaperone complex that delivers them to the
lysosomal surface (Massey et al., 2006b; Dice, 2007). After
interacting with the lysosome-associated membrane protein
(LAMP) type 2A, which acts as a lysosomal receptor for
CMA (Cuervo and Dice, 1996), the substrate protein unfolds,
and, assisted by a luminal chaperone, it is translocated di-
rectly through the membrane into the lysosomal lumen,
where it is rapidly degraded.

Macroautophagy and CMA activity are maximally acti-
vated under stress conditions such as starvation, oxidative
stress, or conditions leading to enhanced protein misfolding
(Cuervo et al., 1995; Kiffin ef al., 2004; Mizushima et al., 2004;
Ravikumar et al., 2004; Iwata et al., 2005; Scherz-Shouval
et al., 2007). Despite both pathways being activated by stres-
sors, a sequential rather than simultaneous activation of
these two stress-related forms of autophagy often occurs in
most of these conditions. The intrinsic peculiarities of each
of these pathways may be behind this coordinated mecha-
nism of activation. Thus, for example, in liver and confluent
fibroblasts in culture, starvation stimulates both macroauto-
phagy and CMA. However, whereas macroautophagy is
activated during the first hours of starvation, providing a
first peak of free amino acids for the synthesis of essential
proteins, macroautophagy-dependent proteolysis is rarely
observed beyond 4-6 h of starvation in these cells (Fuertes
et al., 2003; Finn et al., 2005; Finn and Dice, 2005; Massey
et al., 2006a). Instead, at that time, CMA activity progres-
sively increases, reaching a plateau of maximal activity at
20 h after serum removal (in fibroblasts in culture) or 3 d of
starvation (in rodent livers) (Dice et al., 1986; Wing et al.,
1991; Cuervo et al., 1995; Massey et al., 2006a). This delayed
activation of CMA provides a second peak of amino acids to
maintain synthesis of essential proteins through the selective
degradation of nonessential proteins. A similar simulta-
neous activation but in reverse order has been described in
certain protein conformational disorders (Ravikumar ef al.,
2002; Cuervo et al., 2004; Iwata et al., 2005). Certain soluble
forms of misfolded proteins, bearing the CMA-targeting
motif, can be readily degraded via CMA; however, because
the misfolded proteins organize in multimeric complexes,
they block the CMA translocation machinery and they can
no longer be degraded through this pathway (Cuervo et al.,
2004). Up-regulation of macroautophagy under these condi-
tions removes protein aggregates (Ravikumar et al., 2002;
Iwata et al., 2005). Although the mechanisms that result in
activation of macroautophagy in this setting are not clear,
and it is likely that blockage in other proteolytic pathways
contributes to this activation (Iwata et al., 2005), we have
shown experimentally that blockage of CMA in cultured
cells results in similar constitutive activation of macroauto-
phagy (Massey et al., 2006a). Although macroautophagy
cannot compensate for all CMA functions (cells with im-
paired CMA are more susceptible to numerous stressors), it
is able to maintain proper protein degradation and cell
survival under normal conditions (Massey et al., 2006a).
Understanding the possible compensatory mechanisms
among the different proteolytic systems is of relevance as
failure of different autophagic pathways occurs in aging and
in severe human pathologies (reviewed in Cuervo, 2004;
Shintani and Klionsky, 2004; Rubinsztein et al., 2005; Nixon,
2006; Martinez-Vicente and Cuervo, 2007). Up-regulation of
some autophagic pathways after the failure of a particular
form of autophagy could be the basis for future therapeutic
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interventions to preserve normal cellular function in these
pathologies.

To better characterize the cross-talk between macroauto-
phagy and CMA, we have analyzed in this work the effect of
blockage of macroautophagy on CMA. Using both pharma-
cological inhibition of macroautophagy and fibroblasts from
mouse embryos deficient in Atg5 (Atgs~/~ cells) (Kuma
et al., 2004), we have found up-regulation of CMA after
nutritional stress and also under normal nutritional condi-
tions. Interestingly, different mechanisms contribute to the
observed changes in CMA-related proteins and the conse-
quent activation of CMA during basal and stress conditions.
This work supports a direct cross-talk between these two
forms of autophagy, and it identifies changes in the lysoso-
mal compartment that underlie the basis for the communi-
cation between both autophagic pathways.

MATERIALS AND METHODS

Animals and Cells

Male Wistar rats (200-250 g) fed or fasted for the indicated times were used.
Where indicated, vinblastine (5 mg/100g body weight) was i.p. injected 2 h
before sacrifice. Immortalized mouse embryonic fibroblasts (MEFs) derived
from wild-type (WT) and ATG5~/~ mice (two different clones each) (Kuma
et al., 2004) were maintained in DMEM (Sigma-Aldrich, St. Louis, MO) in the
presence of 10% fetal bovine serum (FBS) (Mediatech, Herdon, VA). Except
where indicated, all results shown correspond to the mean value of the two
different clones from each group. Mouse fibroblasts (NTH3T3) were from the
American Type Culture Collection (Manassas, VA), and they were main-
tained in the same media but supplemented with 10% newborn calf serum
(NCS) (Atlanta Biologicals, Lawrenceville, GA). To deprive cells from serum,
plates were extensively washed with Hank’s balanced salts solution (Invitro-
gen, Carlsbad, CA), and fresh medium without serum was added. Cells were
transfected with the cDNA for Atg5 in frame with three hemagglutinin (HA)
sequences subcloned in the pCI-neo mammalian expression vector by using
Lipofectamine (Invitrogen).

Chemicals

Sources of chemicals and antibodies were as described previously (Kiffin ef al.,
2004; Kuma et al., 2004; Kaushik et al., 2006; Massey et al., 2006a). [**C]Form-
aldehyde was from PerkinElmer Life and Analytical Sciences (Boston, MA),
and 3-methyladenine, trichloroacetic acid, Filipin and fluorescent substrates
were from Sigma-Aldrich. The Amplex Red Cholesterol Assay kit was from
Invitrogen. Antibodies against the cytosolic tail of rat and mouse LAMP-2A,
-2B, and -2C were prepared in our laboratory (Cuervo and Dice, 1996; Massey
et al., 2006a; Zhang and Cuervo, unpublished data). The antibody against
mouse LAMP-1 (1D4B) was from the Developmental Studies Hybridoma
Bank (University of Iowa, Iowa City, IA), antibodies against flotillin-1 and
HA-tag were from BD Biosciences Transduction Laboratories (San Diego,
CA), and the antibodies against heat-shock cognate (hsc)70 (SPA-810) and
heat-shock protein (hsp)90 (SPA-845) were from Nventa Biopharmaceuticals
(San Diego, CA).

Isolation of Lysosomes

Lysosomes from cultured cells were isolated from a light mitochondrial-
lysosomal fraction in Percoll/metrizamide discontinuous gradients as de-
scribed previously (Storrie and Madden, 1990). Two separate lysosomal frac-
tions with different activities for CMA were isolated from rat liver from a light
mitochondrial-lysosomal fraction through a discontinuous metrizamide gra-
dient as described previously (Cuervo et al., 1997). p-Hexosaminidase (EC
3.2.1.52) latency was measured as an index for the integrity of the lysosomal
membrane after isolation (Storrie and Madden, 1990). Preparations with
>10% broken lysosomes were systematically discarded. Lysosomal matrices
and membranes were isolated after hypotonic shock of the lysosomal fraction
followed by centrifugation as described previously (Ohsumi et al., 1983).
Where indicated, regions of different resistance to detergent solubilization
were isolated from lysosomal membranes through flotation in a sucrose
density gradient as described previously (Kaushik ef al., 2006). Briefly, lyso-
somal membranes (150 ug of protein) from mouse cultured fibroblasts were
incubated with 1% Triton-X114 in 150 mM NaCl, 50 mM Tris-HCI, and 5 mM
EDTA, pH 7.4, on ice for 30 min, and then they were subjected to centrifu-
gation in a stepwise discontinuous sucrose gradient (5-40%). A visible trans-
lucent band in the 15% sucrose region (previously identified as the detergent-
resistant (DR) part of the lysosomal membrane), and all the fractions below
that band (detergent-soluble; DS) were concentrated by precipitation with
trichloroacetic acid (TCA) and then subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) and immunoblot.
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Confluent cells were incubated with [*H]leucine (2 uCi/ml) for 48 h at 37°C,
and then they were extensively washed and maintained in either complete
(10% FBS or 10% NCS) or serum-deprived medium containing an excess of
unlabeled leucine (2.8 mM), to prevent reutilization of radiolabeled leucine
(Auteri et al., 1983). Where indicated, 10 mM 3-methyladenine or 20 mM
ammonium chloride was added to the incubation medium during the chase
period. Aliquots of the medium taken at different times were precipitated
with TCA, and proteolysis was calculated as the amount of initial acid
precipitable radioactivity (protein) transformed to acid soluble (peptides and
amino acids) at each time point (Auteri et al., 1983). Total radioactivity
incorporated into cellular proteins was determined in duplicate samples as
the amount of acid-precipitable radioactivity in labeled cells immediately
after washing. In HA-Atg5-transfected cells, label was added 1 d before
transfection and maintained throughout the transfection procedure to start
the chase 12 h after transfection (when maximal levels of HA-Atg5 were
detected).

Uptake and Degradation of Substrate Proteins by Isolated
Lysosomes

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; EC 1.2.1.13) was ra-
diolabeled with ["*C]formaldehyde by reductive methylation (Jentoft and
Dearborn, 1983) to a specific activity of 1.5 X 108 dpm/nmol. Degradation of
radiolabeled proteins by isolated intact or broken lysosomes was measured as
described previously (Terlecky and Dice, 1993; Cuervo et al., 1997). Briefly,
lysosomes were incubated with the radiolabeled protein in 3-(N-morpholin-
o)propanesulfonic acid (MOPS) buffer (10 mM MOPS, pH 7.3, 0.3 M sucrose,
1 mM dithiothreitol, and 5.4 uM cysteine) for 30 min at 37°C. Reactions were
stopped with 10% TCA and filtered through a Millipore Multiscreen Assay
System (Millipore, Billerica, MA) using a 0.45 um pore filter. Radioactivity in
the flow through and in the filter was converted to disintegration per minute
in a WinSpectral 1414 liquid scintillation analyzer (PerkinElmer Wallac,
Gaithersburg, MD) by correcting for quenching using an external standard.
Proteolysis was expressed in percentage as described above. Degradation of
proteins by broken lysosomes was measured as described above, but incuba-
tions were performed for 15 min and in 1 mM dithiothreitol supplemented
water to maintain the final pH close to that in the lysosomal lumen. Degra-
dation of radiolabeled cytosolic pool of proteins by isolated intact or broken
lysosomes was measured similarly.

Uptake of GAPDH by isolated lysosomes was analyzed as described pre-
viously (Cuervo et al., 1997). Briefly, freshly isolated lysosomes from NIH3T3
cells were incubated with GAPDH in MOPS buffer at 37°C for 20 min. Where
indicated, lysosomes were preincubated with a cocktail of protease inhibitors
for 10 min at 0°C. Lysosomes were collected by centrifugation, washed with
MOPS buffer, and subjected to SDS-PAGE and immunoblot for GAPDH.
Uptake was calculated from densitometric analysis by subtracting the amount
of GAPDH associated with lysosomes in the presence (protein bound to the
lysosomal membrane and taken up by lysosomes) and absence (protein
bound to the lysosomal membrane) of protease inhibitors.

Immunocytochemical Staining

Immunofluorescence studies of cultured cells were performed following con-
ventional procedures (Cuervo and Dice, 2000b; Kiffin et al., 2004; Kaushik
et al., 2006). Cells grown on coverslips until subconfluent and kept in the
presence or absence of serum for 16 h were fixed with 3% formaldehyde
solution, blocked, and then incubated with the primary and corresponding
fluorescein isothiocyanate (FITC)- or cyanine 5-conjugated secondary anti-
body, or 0.5 mg/ml Filipin as described previously (Cuervo and Dice, 2000b;
Kiffin et al., 2004; Kaushik et al., 2006). To detect the hsc70 associated to
lysosomes, cells were fixed with methanol instead, which removes cytosolic
proteins and thus facilitates visualization of the lysosome associated hsc70.
Mounting medium contained 4’, 6-diamidino-2-phenylindole (DAPI) stain to
highlight the cellular nucleus. Images were acquired with an Axiovert 200
fluorescence microscope (Carl Zeiss, Thornwood, NY) and subjected to de-
convolution with the manufacture’s software. Quantification was performed
using Image] software (National Institutes of Health, Bethesda, MD). The
mean distance of lysosomes from the nucleus was calculated in 10 different
cells for each condition per experiment by tracing lines (6 in each cell) from
the nuclear membrane to the most distal fluorescent vesicle (lysosome). The
distribution of fluorescent vesicles along each line was calculated with the
measure function of the ImageJ (http://rsb.info.nih.gov/ij/) program. Dis-
tances and number of vesicles at each distance for each cell were averaged,
and mean values were calculated from the individual distributions in 10 cells
per condition. Percentage of colocalization was calculated using the JACoP
plug-in in Image] software. Number of particles was calculated using the
analyze particles function of the ImageJ] program. All digital microscopic im-
ages were prepared using Adobe Photoshop 6.0 software (Adobe Systems,
Mountain View, CA).

mRNA Quantification

Total RNA was extracted from cultured cells using the RNeasy Protect Mini
kit (QIAGEN, Valencia, CA) following the manufacturer’s indications, and
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stored at —80°C until use. The first-strand cDNA was synthesized from 1 ug
of the total RNA with the SuperScript I RNase H reverse transcriptase
(Invitrogen) and oligo(dT);, ;5 primers. Actin and a region of the exon 8 of
LAMP-A were amplified with specific primers (LAMP-2A, 5'-GCAGTG-
CAGA TGAAGACAAC-3', 5'-AGTATGATGGCGCTTGAGAC-3'; and actin,
5'-AAGGACTCCTATAGTGGGTGACGA-3’, 5'-ATCTTC TCCATGTCGTC-
CCAGTTG-3') by using the SYBR Green polymerase chain reaction (PCR) kit
(PE Biosystems, Warrington, United Kingdom). Amplification of the
LAMP-2A and actin DNA products (120 and 108 base pairs, respectively) was
measured in real time in a SmartCycler (Cepheid, Sunnyvale, CA). For all
amplifications, the presence of a single amplified product was verified by
agarose gel electrophoresis, and by analysis of the melting curves of the
reverse transcription-PCR reaction. The expression level of LAMP-2A in
different samples was normalized with respect to those of actin in the same
samples. Differences between samples were calculated based on the differ-
ences in the number of cycles required to reach a threshold fluorescence
intensity level. We did not need to correct for fragment length because the size
of the amplified fragments was very similar.

Proteasome Activity

The 20S proteasome chymotrypsin-like, trypsin-like, and peptidylglutamyl
peptide hydrolase activities were measured against the fluorogenic synthetic
peptides N-succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin, BZ-Val-
Gly-Arg-7-amido-4-methylcoumarin, and N-benzyloxy-carbonyl-Leu-Leu-
Glu-2-naphtylamide, respectively, following standard procedures (Shibatani
et al., 1996).

Viability Measurement

Viability of the cells was measured by incubating cells with 1 mg/ml 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in DMEM for
1 h at 37°C. The formazan product formed was solubilized with 1-propanol,
and its absorbance was measured at 560 nm. Cell viability after HA-Atg5
cDNA transient transfection was calculated as the percentage of the absor-
bance in mock-transfected cells.

Measurement of Intralysosomal pH

The intralysosomal pH was measured using FITC-dextran fluorescence as
described previously (Ohkuma et al., 1982). Briefly, cells were incubated with
1 mg/ml FITC-dextran for 12 h, and then lysosomes were isolated by the
standard procedures and the FITC fluorescence associated to isolated lyso-
somes was determined in a spectrofluorometer at 25°C at 495 nm (pH-
sensitive fluorescence) and 450-nm (pH-insensitive fluorescence) excitation
and 550-nm emission wavelengths. Double standard curves were plotted by
calculating the ratio of fluorescence intensities at 495 nm /450 nm for 2 mg of
FITC-dextran at different pH values and in different buffers and by comparing
the fluorescence intensities, at 495-nm excitation wavelengths, in intact lyso-
somes and after disruption of lysosomes with 0.1% Triton X-100. Intralyso-
somal pH in the isolated lysosomes was calculated with these curves from
their ratio of the 495/450-nm fluorescence intensities, after subtracting the
background fluorescence.

Measurement of LAMP-2A Degradation

Rates of degradation of LAMP-2A in the isolated lysosomes were determined
by immunoblot by using a specific antibody against the cytosolic tail of
LAMP-2A as described previously (Cuervo and Dice, 2000a). Briefly, isolated
lysosomes were incubated in MOPS buffer at 37°C, and at different times
aliquots were removed and subjected to SDS-PAGE and immunoblot for
LAMP-2A.

General Methods

Protein concentration was determined by the Lowry method (Lowry et al.,
1951) by using bovine serum albumin as a standard. After SDS-PAGE (Lae-
mmli, 1970) gels were transferred to nitrocellulose membranes by using a
Mini-TransBlot SD wet transfer cell (Bio-Rad, Richmond, VA). Immunoblot-
ting of the nitrocellulose membranes was performed following standard
procedures (Towbin et al., 1979). The proteins recognized by the specific
antibodies were visualized by chemiluminescence methods (RenaissanceR;
PerkinElmer Life and Analytical Sciences). Densitometric quantification of the
immunoblotted membranes was performed with an Image Analyzer System
(Inotech S-100; Inotech, Sunnyvale, CA). Quantification of intracellular cho-
lesterol was done using the Amplex Red Cholesterol Assay kit (Invitrogen) as
described previously (Eskelinen et al., 2004). The Student’s ¢ test was used for
statistical analyses.

RESULTS

Pharmacological Blockage of Macroautophagy Activates
CMA

We have previously described that blockage of CMA results
in constitutive activation of macroautophagy in mouse fi-
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Figure 1. Pharmacological inhibition of mac-
roautophagy up-regulates CMA. NIH3T3
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dia supplemented with 10 mM 3-MA. After
6 h, lysosomes were isolated as described un-
der Materials and Methods. (A) CMA activity.
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disrupted by hypotonic shock (right) were in-
cubated in an isotonic medium or in water,
respectively, with a *C-labeled pool of cyto-
solic proteins for 30 min at 37°C. Reactions
were stopped by addition of TCA, and prote-
olysis was calculated as the percentage of acid
precipitable radioactivity transformed to acid
soluble at the end of the incubation. Values are
the mean + SE of three different experiments
with triplicate samples (**p < 0.001, differ-
ences with untreated cells; Sp < 0.01, differ-
ences with serum supplemented cells). (B) Ly-
sosomal uptake of CMA substrates. The
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lected by centrifugation and the amount of
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broblasts in culture (Massey et al., 2006a). To check whether
the reciprocal was true, we treated cultured mouse fibro-
blasts with 3-methyladenine (3-MA), a well-characterized
class III PI3K inhibitor that blocks autophagosome forma-
tion, and we analyzed CMA activity. The most direct
method to measure CMA activity is by analyzing the rates of
translocation and degradation of cytosolic proteins into iso-
lated lysosomes (Klionsky et al., 2007). As described previ-
ously (Terlecky et al., 1992; Cuervo et al., 1995), lysosomes
isolated from cells grown in the absence of serum showed
significantly higher ability to take up and degrade a pool of
substrate proteins (Figure 1A; note that in these experiments
cells were starved for 6 h, as this is the time during which
formation of autophagosomes in response to serum removal
has been described in these cells, but CMA does not reach
maximal activity until 12-18 h after serum removal). Treat-
ment with 3-MA did not modify levels of CMA activity in
response to serum removal. In contrast, we found signifi-
cantly higher CMA activity in lysosomes isolated from
3-MA-treated cells when they were maintained in the pres-
ence of serum, reaching levels close to those detected upon
serum removal (Figure 1A, left). The observed differences
did not result from changes in the proteolytic activity of
lysosomes upon 3-MA treatment, because they were no
longer present when we compared proteolytic rates in lyso-
somes in which the lysosomal membrane had previously
been disrupted (Figure 1A, right). The similar proteolytic
ability detected in lysosomes isolated from treated and un-
treated cells maintained in the absence of serum, suggested
that the lack of a stimulatory effect of 3-MA on CMA during
starvation was probably not due to changes in the lysosomal
lumen induced by 3-MA (i.e., increase in lysosomal pH
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described in other cell types). We further confirmed the
direct effect of 3-MA treatment on CMA by using GAPDH,
a well characterized CMA substrate, in a different in vitro
assay that allows us to monitor lysosomal uptake separately
from degradation (Figure 1B). Uptake of GAPDH was sig-
nificantly higher in lysosomes isolated from 3-MA treated
cells compared with untreated cells, but only when main-
tained in the presence of serum.

Activation of CMA is often mediated by an increase in the
lysosomal levels of LAMP-2A, the CMA receptor, and of
hsc70, the chaperone that participates in substrate targeting,
unfolding, and translocation (Agarraberes et al., 1997; Cu-
ervo and Dice, 2000b). In agreement with our functional
data, levels of both proteins were significantly higher in
lysosomes isolated from cells maintained in the presence of
serum during 3-MA treatment (Figure 1C). In serum-de-
prived cells, treatment with 3-MA reduced the amount of
both proteins in lysosomes, which probably accounts for the
lower CMA activity in response to serum removal detected
in these cells compared with untreated cells.

These results support that treatment with 3-MA, a well-
characterized inhibitor of macroautophagy, leads to up-reg-
ulation of CMA under basal conditions, but it is not able to
increase the activity of this pathway beyond the increase
observed during nutritional deprivation.

Changes in Lysosomal Protein Degradation in Atg5~'~
Fibroblasts

To directly link the changes in CMA observed after 3-MA
treatment to its inhibitory effect on macroautophagy, we
then used embryonic fibroblasts from a genetic mouse
model with defective macroautophagy (knocked out for the
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Figure 2. Increased CMA activity in Atg5~/~ cells.
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centage and are the mean + SE of three different 10 -
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essential autophagy gene ATG5 [Atgs~/~ MEFs); Kuma
et al., 2004). Total rates of degradation of long-lived proteins
were similar in wild-type and Atg5~/~ MEFs when main-
tained in the presence of serum, but as expected, they be-
come significantly lower in Atg5~/~ cells after serum re-
moval (Figure 2A; except where indicated, the results shown
in this work correspond to the mean values obtained for two
different wild-type and two Atg5~/~ clones). Despite the
well-reported blockage of macroautophagy in the Atg5~/~
cells, we still observed an increase in long-lived protein
degradation in response to serum removal in the Atg5~/~
fibroblasts (1.5-fold increase compared with 2.2-fold increase
in wild type). This increase in protein degradation is un-
likely to result from up-regulated activity of the ubiquitin/
proteasome system in Atg5 /" cells, because we did not
find significant differences in the three major proteolytic
activities of the 26S proteasome in cellular extracts from
wild-type and Atg5~/~ cells (Supplemental Figure 1A). Fur-
thermore, levels of polyubiquitinated proteins, the main
substrates of the ubiquitin/proteasome system, were similar
in both groups of cells (Supplemental Figure 1B). These
results support that macroautophagy blockage does not
have direct consequences on proteasome-dependent degra-
dation, and they are in agreement with the normal activity of
this proteolytic system described in brain and liver of con-
ditional Atgb and Atg7 knockout mice (Komatsu et al., 2005;
Komatsu et al., 2006).

The residual proteolytic activity detected after serum re-
moval in Atg5~/~ cells, was still occurring for the most part
in lysosomes, because it could be inhibited by ammonium
chloride (a well-characterized lysosomal inhibitor), but as
expected, in contrast to wild-type cells where 3-MA blocked
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~75% of the lysosomal degradation, the degradation of
long-lived protein in Atg5~/~ cells was practically unmod-
ified after 3-MA treatment (Figure 2A). In fact, when con-
sidering only lysosomal protein degradation (sensitive to
ammonium chloride), ~90% of the total lysosomal degrada-
tion was 3-MA-insensitive in Atg5~/~ cells after serum
removal (Figure 2B). These results support that different
lysosomal pathway(s) are activated in these cells during serum
removal to compensate for the lack of macroautophagy.

Both microautophagy and CMA can contribute to the
observed residual degradation of long-lived proteins in ly-
sosomes. To directly determine the contribution of CMA to
protein degradation in Atg5~/~ cells, we used the translo-
cation assays described above, with lysosomes isolated from
cells maintained in the presence or absence of serum. The
purity (<0.01% mitochondria and cytosolic enzymes activ-
ity) and the integrity of the isolated lysosomes (as deter-
mined by the release of lysosomal enzymes [B-hexosamini-
dase] into the incubation media) was comparable in both
groups (4 and 3.5% broken lysosomes in wild-type and
Atg5~/~, right after isolation). We found, however, higher
enrichment of lysosomal enzymes (B-hexosaminidase and
B-N-acetyl-glucosaminidase, 2.6 and 3.1 times higher, re-
spectively) in the lysosomes isolated from the Atg5~/~ cells
compared with wild type, which we attributed to a decrease
in the content of nonlysosomal proteins (cargo) delivered to
lysosomes via macroautophagy (absent in these cells). Our
protocol is optimized to isolate lysosomes with high activity
for CMA (enriched in hsc70), which represent ~30% of total
lysosomes in fibroblasts. To determine whether lack of fu-
sion with autophagosomes could modify the ability of these
CMA-active lysosomes to pellet or to migrate in the density
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gradient during the isolation procedures, we analyzed the
distribution of lysosomal enzymes at the different steps re-
quired for the isolation of lysosomes. Whereas in wild-type
cells most of the lysosomal enzymatic activity is detected in
the 5-10% interface of the metrizamide gradient, we found
15% of the total B-hexosaminidase activity in the gradient in
the higher density region in Atg5~/~ cells (17-10% inter-
face), where most mitochondria are detected under normal
conditions. Immunoblot of that region revealed the presence
of LAMP-1 and LAMP-2 but not of hsc70 in this fraction,
supporting that lack of macroautophagy altered the physical
properties of a subset of intracellular lysosomes but not of
those active for CMA (data not shown). Different reasons
could account for the change in density of that lysosomal
pool, including problems with cholesterol trafficking. Alter-
ations in traffic of cholesterol and intracellular accumulation
of lipids have been earlier reported in embryonic fibroblasts
derived from the LAMP-2 knockout mice, which also show
impaired macroautophagy (Eskelinen et al., 2004). However,
in contrast to that mouse model, total intracellular levels of
unesterified cholesterol were significantly lower in the
Atg5~/~ MEFs compared with wild-type cells (Supplemen-
tal Figure 2A). Analysis of Filipin-stained cells also revealed
changes in cholesterol distribution (more intense staining at
the plasma membrane and lesser number but enlarged size
of the compartments positive for Filipin) in the Atg5~/~
cells (Supplemental Figure 2B). The reasons and cellular
consequences of these changes in cholesterol content remain
unknown, but they did not seem to affect the purity or
stability of the population of lysosomes more active for
CMA, which allowed us to proceed to the analysis of CMA
activity in lysosomes isolated from these cells.

Atg5~'~ Fibroblasts Have Increased Rates of Chaperone-
Mediated Autophagy

When we compared the degradation of GAPDH, a well-
characterized CMA substrate, we found that GAPDH was
degraded more efficiently by lysosomes isolated from the
Atg5~/~ cell clones (Figure 2C). Interestingly, the increased
ability to degrade GAPDH was observed not only in lyso-
somes isolated from serum-deprived cells (when CMA is
activated) but also from cells maintained in the presence of
serum.

To determine whether the higher degradation of GAPDH
in Atgh~/~ cells was a consequence of higher proteolytic
activity or of increased rate of uptake through the lysosomal
membrane, we compared the degradation of GAPDH by
lysosomes in which the lysosomal membrane had been pre-
viously disrupted (Figure 2D). Under these conditions, we
did not find significant differences in the proteolysis of
GAPDH between both groups of cells, suggesting that, in
fact, the differences observed with intact lysosomes were a
result of increased uptake of the protein through the lyso-
somal membrane via CMA. As further support that the effect
of 3-MA on CMA observed in macroautophagy competent
cells (Figure 1, A and B) was mainly through the inhibitory
effect of this compound on macroautophagy, we did not find
changes in CMA or in the proteolytic activity of lysosomes
isolated from Atg5~/~ cells treated with 3-MA (Supplemen-
tal Figure 3).

We further verified the activation of CMA in Atg5~/~
cells in culture by specifically analyzing the patterns of
distribution of LAMP-2A-enriched lysosomes in these cells.
As we have previously described in other cell types (Agar-
raberes et al., 1997; Kiffin et al., 2004; Cuervo and Dice,
2000b), activation of CMA after serum removal in wild-type
embryonic mouse fibroblasts associated to the relocation of
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CMA-active lysosomes (LAMP-2A-enriched) toward the
perinuclear region (Figure 3, left). However, in the Atg5~/~
cells, CMA-active lysosomes were preferentially located in
the perinuclear region even when cells were maintained in
the presence of serum (Figure 3, right). Similar perinuclear
location was observed in serum-supplemented wild-type
cells when macroautophagy was pharmacologically inhib-
ited by treatment with 3-MA (Supplemental Figure 4).

Both lines of evidence, the enhanced lysosomal ability to
take up CMA substrates and the perinuclear location of
CMA-active lysosomes in Atg5~/~ cells maintained in se-
rum-supplemented media, support constitutive activation of
CMA in cells with impaired macroautophagy.

Up-Regulation of CMA Components in Lysosomes from
Atg5~'= Cells

To determine the molecular changes in the lysosomal com-
partment that lead to CMA up-regulation in fibroblasts with
impaired macroautophagy, we first compared the levels of
LAMP-2A and other lysosomal membrane proteins in lyso-
somes isolated from wild-type and Atgb~/~ fibroblasts
maintained in the absence (Figure 4) or presence of serum
(Figure 5). Although total cellular levels of LAMP-2A were
similar in both groups of cells (Figure 4A), levels of
LAMP-2A were significantly higher in lysosomes from
Atg5~/~ cells upon serum removal compared with wild-
type MEFs (Figure 4A). The levels of the other LAMP-2
variants and other lysosomal membrane proteins remained
unchanged under these conditions (Supplemental Figure 5).
The higher levels of LAMP-2A in lysosomes from serum-
deprived Atg5~/~ MEFs were mostly due to an increase in
the content of this protein at the lysosomal membrane (Fig-
ure 4B). In contrast, the slight increase in LAMP-2A content
in lysosomes from serum-supplemented Atg5~/~ MEFs was
attributable to higher levels of LAMP-2A at the lysosomal
lumen (Figure 5B). Several groups including ours have iden-
tified the presence of full size LAMP-2A in the lysosomal
lumen (Jadot et al., 1996; Cuervo and Dice, 2000b). Part of
this protein originates from the mobilization of LAMP-2A
from the membrane into the lumen as CMA substrates are
translocated. It is thus possible that the higher LAMP-2A
luminal content in lysosomes from Atg5~/~ cells under
basal conditions is a consequence of the enhanced basal
CMA in these cells.

Intracellular levels of the subset of chaperones that par-
ticipate in CMA were comparable in wild-type and Atg5~/~
MEFs. However, as described in other conditions with in-
creased CMA activity (i.e., mild oxidative stress or exposure
to toxic compounds; Cuervo et al., 1995; Kiffin et al., 2004),
levels of hsc70 and hsp90 associated to lysosomes were
significantly higher in lysosomes from serum-deprived
Atg5~/~ cells (Figure 4A). Increased levels of hsc70 were
also detected in lysosomes from serum-supplemented
Atg5~/~ MEFs (Figure 5). Both the lysosome membrane-
associated hsc70 and more markedly, the luminal form of
hsc70 were augmented in the lysosomes from Atg5~/—
MEFs. Although the lumenal hsp90 does not participate
directly in substrate uptake, during maximal CMA activa-
tion, a portion of lysosomal hsp90 localizes in the lysosomal
lumen, and it seems important to confer stability to
LAMP-2A (Bandyopadhyay and Cuervo, unpublished data).
Lysosomes from Atg5~/~ MEFs displayed higher levels of
this luminal hsp90 than lysosomes from wild-type cells un-
der serum-deprivation conditions (Figure 4B).

We next determined possible changes in the contribution
of CMA active lysosomes to the total lysosomal pool in
Atg5~/~ MEFs. Both lysosomes active and inactive for CMA
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Figure 3. Relocation of CMA-active lyso-
somes toward the perinuclear region in
Atg5~/~ cells. MEFs from WT and Atgs~/~
mice were maintained in the presence or ab-
sence of serum. After 12 h, cells were fixed and
subjected to immunofluorescence for LAMP-
2A. Mounting media contains DAPI to high-
light the cell nuclei. (A) Representative cells
for each condition. Discontinuous line marks
the cellular perimeter in Atg5 /"~ cells. Bar, 5
um. (B) Quantification of the distribution of
lysosomes (LAMP-2A-positive puncta) with
respect to the nucleus in wild-type (left) and
Atg5~/~ (right) MEFs under basal conditions
and after serum removal. Values are mean of 10
the quantification of 10 cells per condition in
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contain LAMP-2A in their membrane, but only those con-
taining hsc70 in their lumen are competent for CMA (Cu-
ervo et al., 1997). Using immunofluorescence in cultured
cells maintained in the presence or absence of serum, we
found that the number of vesicular compartments positive
for both proteins was higher in Atg5~/~ MEFs (higher per-
centage of colocalization of puncta) (Figure 6, A and B).
Quantification of the total number of vesicles positive for
each protein revealed a significant increase in the number of
hsc70 positive vesicles in Atg5~/~ MEFs compared with
wild-type cells, but no significant changes in the total num-
ber of LAMP-2A-positive vesicles (Figure 6, A and C) or of
acid vesicular compartments (stained by lysosensor; Supple-
mental Figure 6). These results support that the increase in
CMA in cells with impaired macroautophagy does not result
from a global expansion of the lysosomal compartment in
these cells, but from an increase in the percentage of total
lysosomes that contain hsc70 and that are consequently able
to perform CMA.

Based on our observations, we conclude that both an
increase in CMA components per lysosome (in LAMP-2A)
and in the total number of lysosomes with CMA capability
(total number of LAMP-2A /hsc70 lysosomes) contribute to
the observed higher CMA activity in Atg5~/~ cells.

Mechanism for CMA Activation during Macroautophagy
Blockage

Our results suggest that the increased ability of lysosomes
from 3-MA-treated and Atg5~/~ cells to directly take up
soluble proteins via CMA is probably in part attained
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through the increase in the levels of protein translocation
complexes in the membrane of these lysosomes. Levels of
LAMP-2A at the lysosomal membrane are rate limiting for
CMA, and they are subjected to very tight regulation (Cu-
ervo and Dice, 2000b). Two different mechanisms contribute
to regulate LAMP-2A levels at the lysosomal membrane
depending on the type of stimuli. Activation of CMA in
conditions of mild-oxidative stress requires de novo synthe-
sis of LAMP-2A (Kiffin et al., 2004), whereas during pro-
longed nutritional starvation, the observed increase in levels
of LAMP-2A at the lysosomal membrane results from a
decrease in the rates of degradation of this protein (Cuervo
and Dice, 2000a).

Both transcriptional up-regulation of the LAMP-2 gene
(Figure 7A) and reduced membrane degradation of
LAMP-2A (Figure 7B) contributed to the observed increase
in levels of LAMP-2A in cells treated with 3-MA under basal
conditions. In serum-deprived cells, treatment with 3-MA
did not significantly change levels of LAMP-2A mRNA. The
absence of transcriptional changes for LAMP-2A, along with
the slightly accelerated rates of LAMP-2A degradation at the
lysosomal membrane observed in 3-MA-treated cells after
serum removal (Figure 7B) could explain the reduced CMA
activity observed under those conditions.

Although more moderated, we also observed increased
levels of LAMP-2A mRNA in Atg5~/~ cells when compared
with wild-type cells under basal conditions but no signifi-
cant changes upon serum removal (Figure 7A). These results
support that the higher content of LAMP-2A in lysosomes
from Atg5~/~ during serum deprivation did not result from
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Figure 4. Changes in CMA lysosomal components in Atg5 /~
cells during nutritional stress. (A) Homogenate (HOM) and lyso-
somes (LYS) isolated from WT and Atg5~/~ mouse embryonic
fibroblasts maintained in media not supplemented with serum for
16 h were subjected to SDS-PAGE and immunoblotted for the
indicated proteins. (B) Membranes (MEMB) and matrices (MTX) of
lysosomes isolated under the same conditions were separated after
hypotonic shock and centrifugation, and then they were processed
as described in A. Bottom of A and B, densitometric quantification
of three to four immunoblots. Values are mean + SE, and they are
expressed as -fold increase in lysosomes isolated from Atg5~/~ cells
compared with wild-type. Wild-type value is assigned an arbitrary
value of 1 (*p < 0.01, **p < 0.001 compared with WT cells).

de novo synthesis of this protein. Instead, we found that
degradation rates of LAMP-2A in these lysosomes were
slower than in lysosomes from wild-type cells both in the
presence and in the absence of serum (Figure 7C), support-
ing that the observed increased content of LAMP-2A in
lysosomes from Atg5~/~ cells during starvation results
from exacerbation of the normal regulatory mechanism.
The moderate increase in the amount of LAMP-2A syn-
thesized de novo in Atg5~/~ cells under basal conditions
compared with wild-type cells (Figure 7A), correlates well
with the very modest increase in the levels of this protein in
their lysosomes (Figure 5A). However, these findings con-
trast with the twofold increase in CMA activity observed in
these cells (Figure 2A). Our previous studies have revealed
an almost linear correlation between levels of LAMP-2A at
the lysosomal membrane and CMA activity (Cuervo and
Dice, 2000a). We have found, however, that the distribution
of LAMP-2A at the lysosomal membrane is not homoge-
neous but that instead it dynamically associates to mem-
brane microdomains of discrete protein and lipid composi-
tion (Kaushik et al., 2006). Inclusion of LAMP-2A in these
membrane microdomains reduces levels of CMA activity
whereas mobilization outside these regions increases uptake
of CMA substrates by lysosomes. To determine whether
changes in the subcompartmentalization of LAMP-2A at the
lysosomal membrane, rather than total levels of LAMP-2A,
were behind the observed increase in CMA activity in lyso-
somes from Atg5~/~ cells under basal conditions, we com-
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Figure 5. Changes in CMA lysosomal components in Atg5 /~
cells under basal conditions. (A) Homogenate (HOM) and lyso-
somes (LYS) isolated from wild-type and Atg5~/~ mouse embry-
onic fibroblasts maintained in the presence of serum were subjected
to SDS-PAGE and immunoblotted for the indicated proteins. (B)
Lysosomal membranes (MEMB) and matrices (MTX) isolated after
hypotonic shock and centrifugation of intact lysosomes were pro-
cessed as described in A. Bottom of A and B, densitometric quan-
tification of two to three immunoblots. Values are expressed as -fold
increase in lysosomes isolated from Atg5~/~ cells compared with
wild type, which was assigned an arbitrary value of 1 (*p < 0.01,
*p < 0.001 compared with WT cells).

pared the distribution of LAMP-2A between DR and DS
regions in these membranes. As shown in Figure 7D, the
percentage of LAMP-2A localized in the detergent-resistant
microdomains in Atg5~/~ cells was half to the one observed
in wild-type cells, suggesting that changes in the organiza-
tion of LAMP-2A at the membrane could explain in part the
higher CMA activity in Atg5~/~ cells. Whether the lower
cholesterol content observed in Atg5~/~ cells is behind the
reduced amount of LAMP-2A in the cholesterol-enriched
membrane microdomains of the lysosomal membrane in
these cells remains to be elucidated.

In summary, changes in the lysosomal compartment,
namely, increased levels of LAMP-2A, are behind the up-
regulated CMA, but the mechanisms responsible for these
changes are different for the constitutive (basal conditions)
and the inducible (serum removal) activation of CMA.

Mediators of the Cross-Talk between Autophagic
Pathways

Our previous findings in cells with impaired CMA (Massey
et al., 2006a) and the current observations in cells defective in
macroautophagy support a direct cross-talk between these
two types of autophagy. To gain insight into the mechanism
underlying this cross-talk, and because knock-down of Atg5
was sufficient to up-regulate CMA, we first considered the
possibility of Atg5 being a physiological inhibitor of CMA.
To determine the possible effect of an increase in intracellu-
lar levels of Atg5 on CMA, we transiently transfected mouse

Molecular Biology of the Cell
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Figure 6. Changes in lysosomal supbopula-
tions in Atg5~/~ cells. (A) WT and ATG5/~
MEFs maintained in the presence or absence of
serum for 16 h, as indicated, were methanol
fixed (to eliminate soluble cytosolic proteins),
blocked, and processed for double immunoflu-
orescence with antibodies against LAMP-2A
(green) and Hsc70 (red). Merged images of both
channels are shown at the bottom. Bar, 5 um. (B)
Quantification of the fraction of LAMP-2A colo-
calizing with Hsc70 (lysosomes competent for
CMA) in each condition. (C) Average number of
puncta positive for LAMP-2A (left) and Hsc70
(right) per cell section in each condition. Values
are mean of the quantification of 20 cells per
condition in two independent experiments
(*p < 0.05, *p < 0.001 compared with WT cells).
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fibroblasts with cDNA for an HA-tagged form of Atg5 (Fig-
ure 8A). Despite recent descriptions of the proapoptotic
properties of an Atg5 derived fragment (Yousefi et al., 2006),
under our experimental conditions we did not detect any
cleavage product or changes in viability of the transfected
cells during short or prolonged serum deprivation when
compared with mock-transfected cells (Figure 8B). Because
maximal levels of expression were observed at 12 h after
transfection (Figure 8A), we adjusted our metabolic labeling
experiments to be able to analyze rates of long-lived protein
degradation at 12 and 24 h after transfection (see Materials
and Methods). As shown in Figure 8C, the total rates of
protein degradation, the percentage of lysosomal versus
nonlysosomal degradation and the contribution of 3-MA-
sensitive and -insensitive forms of autophagy to degradation
of long-lived proteins was comparable in transfected and
mock-transfected cells. Moreover, we did not find differ-
ences in the intracellular pattern of distribution of the
LAMP-2A-enriched lysosomes under basal conditions or in
their mobilization toward the perinuclear region during se-
rum deprivation between mock and HA-Atg5-transfected
cells (Figure 8D). These results do not support that a mere
increase in intracellular levels of Atgb is enough to inhibit
CMA, and they made us rule out that the up-regulation of
CMA in Atg5 7/~ cells resulted directly from the lack of
Atgb in these cells.

Because our comparative analysis of CMA components in
lysosomes from wild-type and Atg5~/~ cells and from cells
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treated or not with 3-MA revealed the presence of signifi-
cantly larger amount of lysosomal hsc70 in macroautoph-
agy-impaired cells both under basal and nutrient depriva-
tion conditions (Figures 4—6), we then analyzed the possible
contribution of macroautophagy to modulate lysosomal lev-
els of hsc70. Although substrate binding to the receptor is
the limiting step in CMA, the presence of hsc70 in the
lysosomal lumen is absolutely necessary for substrate up-
take and higher content of luminal hsc70 has been described
under conditions of maximal activation, supporting a pos-
sible role in the accelerated transport of substrates (Cuervo
et al., 1995; Agarraberes et al., 1997). Hsc70 is the constitutive
member of the hsp70 family of chaperones, and conse-
quently levels of this protein are not transcriptionally regu-
lated. Instead, we have previously described that changes in
levels of luminal hsc70 in lysosomes result from variations
in the lysosomal pH (Cuervo et al., 1997). Thus, hsc70 is more
stable in the lysosomal lumen when pH values are around or
<5.2-5.5, but an increase in pH values (of just 0.4 U) accel-
erates its degradation by luminal proteases. To determine
whether changes in the acidification of lysosomes in
Atg5~/~ cells could be behind their higher hsc70 content,
we compared the luminal pH of lysosomes from wild-type
and Atgb~/~ cells. Although fluorescence microscopy of
cells incubated with the pH-sensitive probe LysoSensor was
not sensitive enough to reveal significant differences be-
tween both groups of cells (Supplemental Figure 6), direct
measurement of the pH of isolated lysosomes by the FITC-
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without serum for 16 h (C) were incubated at
37°C in isotonic media in the absence of sub-
strate proteins, supplemented with dithiothrei-
tol and 1 mM CaCl, The levels of LAMP-2A in
aliquots taken at the indicated times were deter-
mined by immunoblot with the antibody
against the cytosolic tail of LAMP-2A. A repre-
sentative immunoblot (top) and the densitomet-
ric quantification of two to four immunoblots
from different experiments (bottom) are shown.
Values are expressed as percentage of LAMP-2A
detected at time 0. (D) Association of LAMP-2A
to lipid microdomains. Lysosomes isolated from
WT and Atg5~/~ mouse embryonic fibroblasts
maintained in media supplemented with serum
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20 2 were subjected to extraction with Triton X-114.

DR and DS regions were separated by flotation
in sucrose density gradients as described under

Materials and Methods, and then they were subjected to SDS-PAGE and immunoblot for LAMP-2A (L-2A) and flotillin-1 (Flot-1). A representative
immunoblot (top) and the densitometric quantification of three immunoblots from different experiments (bottom) are shown. Values are expressed
as percentage of total LAMP-2A at the lysosomal membrane present in each fraction.

dextran method (as described under Materials and Methods)
revealed a difference of 0.3 and 0.5 pH units between lyso-
somes from wild-type and Atg5~/~ cells maintained in the
presence or absence of serum, respectively (Figure 9A).

An appealing explanation for the higher lysosomal acidi-
fication of lysosomes from Atg5~/~ cells is that the absence
of fusion of this compartment with autophagosomes pre-
vents the typical dissipation of part of the acidic pH ob-
served during autophagosome/lysosome fusion. To test this
possibility, we directly analyzed changes in the lysosomal
levels of hsc70 under conditions in which autophagosomes
still form, but their fusion to lysosomes is prevented. For
these studies, we isolated lysosomes from livers of 6-h
starved rats (to activate macroautophagy) treated or not
with vinblastine (to prevent fusion of autophagosomes to
lysosomes). We used this animal model, because it allows us
to physically separate lysosomes that contain hsc70 in their
lumen and hence are active for CMA, from those with un-
detectable levels of the chaperone and consequently unable
to perform CMA. We have previously shown that the group
of lysosomes with low hsc70 content has a slightly higher
luminal pH, enough to render hsc70 unstable in this com-
partment (Cuervo et al., 1997). Treatment with vinblastine
did not change the amount of hsc70 associated to CMA-
competent lysosomes, but it significantly increased the
amount of hsc70 in the group of lysosomes that usually lacks
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this chaperone (Figure 9B). Our studies thus support that
blockage of macroautophagy leads to CMA activation, at
least in part, by increasing the intracellular pool of lyso-
somes competent for CMA, as demonstrated previously by
our immunofluorescence studies (Figure 6) and that this
lysosomal switch from CMA-incompetent to CMA-compe-
tent is attained through the stabilization of hsc70 in their
lumen (Figure 9C, see model).

In summary, this work presents evidence supporting that
the cross-talk between macroautophagy and CMA is bidi-
rectional and that changes in the lysosomal properties as a
result of the interactions between macroautophagy-related
compartments and lysosomes, contribute to modulate their
CMA activity.

DISCUSSION

In this work, we present evidence of a direct cross-talk
between two different forms of autophagy, macroautophagy
and CMA, both maximally activated in response to stress.
Blockage of macroautophagy both pharmacologically or
through knockdown of an essential macroautophagy gene
results in activation of CMA even under basal conditions.
CMA up-regulation is attained through an increase in the
lysosomal levels of the critical components of the transloca-
tion complex, LAMP-2A and hsc70. We have previously
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Figure 8. Effect of Atg5 overexpression on CMA. (A) Cell lysates
from NIH3T3 mouse fibroblasts (150 ug of protein) were subjected
to SDS-PAGE and immunoblot for HA at the indicated times after
transient transfection with the cDNA for HA-Atg5. (B) Viability of
the HA-Atg5-transfected cells at the indicated times after transfec-
tion was determined by the MTT assay. Values are expressed as
percentage of activity in cells subjected to mock transfection (no
cDNA), and they are mean + SE of three different experiments. (C)
Degradation of long-lived proteins in mouse fibroblasts transiently
transfected with the cDNA for HA-Atg5 was determined as de-
scribed in Figure 2A. The percentage of lysosomal and nonlysoso-
mal degradation (left) was calculated from its sensitivity or insen-
sitivity, respectively, to 20 mM ammonium chloride. The percentage
of lysosomal degradation sensitive (Macro) or insensitive (CMA/
Micro) to 3-methyladenine is shown on the right. Values are the
mean + SE of three different experiments. (D) Distribution of CMA-
active lysosomes in mouse fibroblasts transiently transfected with
the cDNA for HA-Atg5 maintained in the presence and absence
serum was determined by immunofluorescence against LAMP-2A.
Mounting media contains DAPI to highlight the cell nuclei. Repre-
sentative cells for each condition are shown. Bar, 5 um.
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shown that blockage of CMA in cultured cells activates
macroautophagy (Massey et al., 2006a). The results compiled
in the present work establish that the cross-talk between
macroautophagy and CMA acts in both directions and that
changes in the activity of one of these pathways will affect
the contribution of the other pathway to protein breakdown.

An interesting aspect in both studies is that blockage of
either of the stress-related pathways results in compensatory
activation of the other not only during stress but also under
basal conditions. Previous reports on macroautophagy have
proposed a different mechanism of regulation for the con-
stitutive versus the inducible form of this autophagic path-
way (Sarkar et al., 2005; Yamamoto et al., 2006). Although the
molecular intricacies of these regulatory differences are still
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unknown, it is interesting that the compensatory activation
of CMA in response to macroautophagy blockage also seems
to obey to different mechanisms depending on whether cells
are under basal or stress conditions. Thus, although in both
cases up-regulation of CMA is attained through an increase
in the number of the essential CMA translocation compo-
nents (LAMP-2A and hsc70) and the total amount of lyso-
somes competent for CMA, the increase in LAMP-2A under
basal conditions results mainly from de novo synthesis of
the receptor protein, whereas decreased breakdown of the
LAMP-2A molecules already at the lysosomal membrane
seems the main mechanism for elevated LAMP-2A levels
during nutrient deprivation. These results are in agreement
with our previous observation that different CMA stimuli
modify levels of LAMP-2A through different mechanisms
(Cuervo and Dice, 2000b; Kiffin et al., 2004). Changes in the
LAMP-2A protein already in the lysosomal compartment
seem a more conservative option than de novo synthesis of
LAMP-2A when nutrients are scarce. As described previ-
ously during mild oxidative stress, the increase in synthesis
of LAMP-2A in macroautophagy-defective cells associates to
changes in its organization in the lipid microdomains at the
lysosomal membrane (Kaushik et al., 2006). It is possible that
the higher affluence of LAMP-2A molecules to lysosomes
saturates the capability of the lipid microdomains, leaving
most of the protein outside these regions, where we have
shown that it becomes competent for CMA substrate bind-
ing and uptake (Kaushik et al., 2006).

It is important, however, to notice that there are some
differences between the two mechanisms used in this work
to block macroautophagy, 3-MA and Atg5 knockout, in their
effect on CMA. Thus, although both interventions activated
CMA under basal conditions, pharmacological blockage of
macroautophagy during serum deprivation did not activate
CMA beyond the increase in activity observed in the un-
treated cells (Figure 1A). In fact, 3-MA treatment during
serum deprivation did not increase (or even reduced) levels
of LAMP-2A and hsc70 in lysosomes. Although, one major
difference between both treatments is the absence of Atg5 in
the knockout cells, our results do not support a direct inhib-
itory function for this protein on CMA that could justify the
higher CMA activation in absence of this protein (Figure 8).
Instead, it is possible that the chronic blockage in the knock-
out cells, compared with the acute nature of the pharmaco-
logical inhibition, associates to permanent changes in the
lysosomal compartment that favor CMA activation. For ex-
ample, the persistent lack of fusion of lysosomes to autopha-
gosomes seems to preserve hsc70 in the lumen of a larger
number of lysosomes, increasing thus the pool of lysosomes
available to be recruited for CMA under the stress condition.
Furthermore, it is also possible that the persistent lack of
fusion with autophagosomes leads to changes in the lipid
composition of the lysosomal membrane that stabilize
LAMP-2A in this compartment (i.e., we observed lower rates
of degradation of this protein in the lysosomes from
Atg5~/~ cells). These and other possibilities require further
investigation.

The observed changes in the amount of lysosomal hsc70
during macroautophagy blockage are of particular interest,
because they offer the first clue about possible molecular
mechanisms behind the cross-talk between the two stress-
induced autophagic pathways. We have previously shown
that the number of hsc70-containing lysosomes increases
under conditions resulting in CMA activation and that a
second pool of lysosomes lacking hsc70, could become com-
petent for CMA once they acquire the missing chaperone in
their lumen (Cuervo et al., 1997). However, it is not clear

2189



S. Kaushik et al.

Figure 9. Macroautophagy-induced changes in ly-
sosomal compartments related to CMA. (A) Intraly-

sosomal pH. The pH of lysosomes isolated from

wild-type and Atg5~/~ cells maintained in the pres-
ence or absence of serum for 16 h was measured by
the FITC-dextran method. Values are mean of the
pH values obtained with lysosomes from three dif-
ferent experiments. (B) Levels of hsc70 in two pop-
ulations of lysosomes isolated from liver of 6-h

starved rats treated or not with vinblastine were
determine by immunoblot with a specific antibody
against hsc70. Left, two different exposures of a rep-
resentative immunoblot are shown to better appre-
ciate the absence of hsc70 in the population of lyso-

somes usually inactive for CMA [CMA (—)]. Right,
changes in the lysosomal levels of hsc70 in both
groups of lysosomes in response to vinblastine were
calculated after densitometric quantification of im-
munoblots from two different experiments. Values
are expressed as folds the hsc70 in lysosomes from
untreated animals, which were given an arbitrary
value of 1. (C) Hypothetical model of the mechanism
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how the lumenal form of this chaperone reaches the lysoso-
mal lumen. Based on the sequential activation of macroau-
tophagy and CMA during starvation we initially proposed
that hsc70 could be delivered to lysosomes via macroauto-
phagy. In their nonselective engulfment of cytosolic regions,
autophagosomes would also sequester cytosolic hsc70 and
deliver it to lysosomes upon fusion. In fact, a recent pro-
teomic analysis has revealed hsc70 as a protein highly en-
riched in autophagosomes (Jverbye et al., 2007). However,
our current findings demonstrate the presence of hsc70 in
lysosomes even in cells with impaired macroautophagy (al-
tered autophagosome formation, Figures 4 and 5; or auto-
phagosome/lysosome fusion; Figure 9), thus discarding
macroautophagy as the main mechanism for delivery of
hsc70 into lysosomes. Activation of macroautophagy seems
instead to contribute to decrease the number of lysosomes
active for CMA. On this respect, we present in this work
evidence supporting that the transient dissipation of lysoso-
mal pH associated to fusion of autophagosomes with lysosomes
could be a modulator of levels of hsc70 in the lysosomal
lumen (Figure 9C, see model). The mechanisms that modu-
late pH in the different lysosomal compartments still remain
obscure. For example, although we have found similar levels
of the different subunits of the proton pump ATPase in
CMA+ and CMA — lysosomes, their lumenal pH is different
in 04-0.6 U (Cuervo et al., 1997). Factors other than the
proton pump may thus modulate lysosomal pH. We pro-
pose here that the more acidic pH in lysosomes from
Atg5~/~ could result from the lack of dissipation of this pH
when lysosomes fuse with autophagosomes, and this higher
acidification confers more stability to essential CMA com-
ponents such as hsc70. In support of this hypothesis, we
have found that blockage of lysosome/autophagosome fu-
sion through vinblastine treatment also resulted in higher
levels of hsc70 in the subset of lysosomes that normally fuse
with autophagosomes.

For obvious reasons, compensation for an autophagic
pathway by another is never complete. Thus, although mac-

2190

that lead to increased number of CMA-active
(CMA+) lysosomes when macroautophagy is
blocked.

roautophagy could take care of the degradation of CMA
substrates, it lacks the selectivity of this pathway, which
could be important when particular proteins need to be
spared from degradation. Alternatively, CMA would only
be able to degrade cytosolic proteins, but could not compen-
sate for macroautophagy-mediated degradation of or-
ganelles. However, despite these limitations, compensatory
activation is beneficial for the cells. Thus, although CMA-
impaired cells are more susceptible to different stressors,
blockage of the compensatory activation of macroautophagy
further increases this sensitivity, suggesting that up-regula-
tion of macroautophagy in these cells contributes to main-
tain cell viability (Massey et al., 2006a). Likewise, we have
found that cells with defective macroautophagy are more
susceptible to different death stimuli that involve organelle
compromise (i.e., Fas-ligand mediated apoptosis or endo-
plasmic reticulum stress), but they are more resistant to
oxidative stress. Up-regulation of CMA in these cells seems
responsible for this enhanced resistance, as blockage of this
pathway renders these cells susceptible to oxidative stress
(Wang et al., 2007).

Understanding the compensatory mechanisms between
the autophagic pathways, their advantages and their limita-
tions, is important in light of the recent interest in the
development of interventions aimed to modulate one form
of autophagy for therapeutic purposes in human diseases
with altered autophagy such as neurodegenerative disor-
ders or cancer.
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